Human immunodeficiency virus type 1 (HIV-1) enters permissive cells by fusion of its envelope (Env) with the plasma membrane after binding to the CD4 receptor molecule and interaction with the chemokine coreceptors CXCR4 and CCR5, which determine the tropism of different HIV-1 isolates (6, 9, 10, 14, 66) . The viral Env-mediated fusion is initiated by binding of the envelope gp120 to CD4. This event leads to subsequent conformational changes in gp120, resulting in engagement of the chemokine receptors with critical domains in gp120. The resultant switch of HIV-1 gp41 to a fusion-active condition enables the exposure of its fusion peptide domain (15, 16, 27) .
Early after primary infection, HIV-1 also enters the central nervous system (CNS) (2, 52, 58) . Despite extensive research on HIV-1 neuroinvasion, the mechanisms of initial entry into the CNS, and the precise causes of the AIDS dementia complex, which leads to neurological impairment in many HIV-1-seropositive patients, remain enigmatic. One of the hypotheses regarding how HIV-1 enters the CNS suggests direct infection of brain microvascular endothelial cells (BMVECs) as a major route of viral entry into the CNS, followed by replication of the virus in CNS-based cells, such as neurons, microglia, and astrocytes (39, 55) . Since BMVECs represent the major cellular constituent of the blood-brain barrier (BBB), either HIV-1 can cross the barrier by transcellular migration or the infection may alter the tight junction property of BMVECs, creating a breach, which allows viral entry (4, 5) . Another hypothesis suggests cell-associated HIV-1 entry into the CNS via CD4 ϩ T cells and monocytes that traffic across the BBB, potentially transferring the infection to other CNS-based cells (5, 28, 31, 50, 53, 57) . It has also been suggested that certain cytokines, HIV-1-specific proteins, and various cellular factors may also induce alterations in the BBB, creating a breach in the tight junctions of BMVECs. Consequently, this breach may assist the virus in gaining entry into CNS-based cells (12, 18, 32, 51) .
In our laboratories, we have extensively studied HIV-1 neuroinvasion by means of a novel human in vitro BBB system composed of CNS-based cell systems (4, (40) (41) (42) . In prior studies using well-characterized primary human BMVECs, we found that these cells lack the crucial CD4 molecule, indicating that mechanisms for HIV-1 entry and infection across the BBB must be CD4 independent. Interestingly, BMVECs highly express many chemokine receptors, including CXCR4, CCR5, APJ, and CCR3, plus C-type lectins DC-SIGN and L-SIGN, but blockage of these molecules individually does not inhibit binding of HIV-1 to BMVECs (41) . Thus, viral attachment to primary BMVECs is mediated by an unidentified receptor(s) or by an uncharacterized cooperation among these various coreceptors.
Recent studies have reported a crucial role for cholesterolrich plasma membrane rafts in the entry of HIV-1 into permissive cells, such as T-cell lines and primary human T lymphocytes (8, 13, 17, 23, 26, 29, 33, 34, 54, 56) . Membrane rafts, also known as detergent-insoluble lipid microdomains, are specialized regions of the host cell membrane that are characterized by an unusually high content of cholesterol, glycophosphatidylinositol (GPI)-anchored proteins, and sphingolipids that serve several distinct functions, including crucial roles in signaling (3, 17, 21, 22, 34, 35, 49, 63) . The presence of GPIlinked proteins in lipid rafts is controversial (3, 37, 49) . It was recently demonstrated that the gp120 protein induces coclustering of CD4 and chemokine coreceptors into membrane regions enriched in GM1, a sphingolipid characteristic of membrane rafts, and that this process is prevented by cholesterol depletion of the plasma membrane (33, 34, 56, 64, 65) . More importantly, cholesterol depletion inhibits the susceptibility of T-cell lines and primary human T lymphocytes to HIV-1 infection in vitro (29, 33, 54) . A recent report by Viard et al. proposed that gp41-mediated membrane fusion may not require cholesterol per se. Instead, cholesterol depletion from cells with relatively low surface densities of coreceptors reduces the capacity of HIV-1 envelope proteins to engage these coreceptors, which is an essential trigger for fusion (69) . Thus, membrane rafts on T cells are thought to facilitate the assembly of gp120 and gp41 with CD4 and chemokine coreceptors by concentrating these molecules within a restricted area on the host cell surface.
Along similar lines, recent work has implicated a role in HIV-1 entry for cell surface heparan sulfate proteoglycans (HSPGs), particularly syndecans (7, 11, 48, 61) . Saphire et al. have shown that syndecans serve as attachment receptors for HIV-1 on macrophages (61). Bobardt et al. have recently demonstrated that syndecan functions as an in trans HIV-1 receptor and, when expressed in nonpermissive cells, becomes the major mediator for HIV-1 adsorption (7). Our laboratory (19) and others (68) have shown that syndecans concentrate into membrane rafts when they bind large, multivalent ligands. A recent study by Liu et al. suggested that HIV-1 penetrates BMVECs (isolated from discarded temporal lobe tissues from adults) by macropinocytosis and that this mechanism involves lipid rafts, mitogen-activated protein kinase signaling, and glycosaminoglycans, while CD4 and chemokine receptors play limited roles in this process (30) .
In the present study, we examined the role of cholesterolrich membrane rafts and cell-associated HSPGs and chondroitin sulfate proteoglycans (CSPGs) in HIV-1 entry into primary human BMVECs, which represent an important HIV-1 reservoir and a portal for neuroinvasion. We found that viral binding and infection of these cells are independent of the presence of membrane rafts, yet our data demonstrate that cell-associated CSPGs, but not HSPGs, greatly facilitate infective entry of HIV-1 into human BMVECs. These findings, in combination with our earlier work showing that BMVECs lack CD4, indicate that the molecular mechanisms for HIV-1 entry into BMVECs are fundamentally different from those for viral entry into T cells, in which rafts, CD4, and possibly cell-associated HSPGs and CSPGs play crucial roles.
MATERIALS AND METHODS
Reagents. Anti-human von Willebrand factor antibody was purchased from Sigma (St. Louis, Mo.), anti-ZO-1 antibody was purchased from Zymed (South San Francisco, Calif.), anti-heparin/heparan sulfate (recognizes intact heparan sulfates) antibody was from Research Diagnostics, Inc. (Flanders, N.J.), and anti-chondroitin sulfate (recognizes intact chondroitin-6-sulfate and/or chondroitin-4-sulfates) antibody and the fluorescent conjugate (Alexa Fluor 488) of cholera toxin subunit B (CTB), which is a marker for ganglioside GM1-containing lipid rafts, were obtained from Molecular Probes Inc. (Eugene, Oreg.). For cholesterol depletion, we used randomly methylated ␤-cyclodextrin (BCD) (commercial name, TRMBP) and hydroxypropyl BCD (commercial name, THPBP) from Cyclodextrin Technologies Development, Inc. (High Springs, Fla.), and for inhibition of cholesterol synthesis, we used the 3-hydroxy-3-methylglutaryl (HMG)-coenzyme A (CoA) reductase inhibitors mevinolin (Sigma), atorvastatin, and pravastatin (Calbiochem, San Diego, Calif.). The lyases heparinase III (also known as heparitinase) and chondroitinase-ABC, which digest heparan and chondroitin sulfate moieties from cell surface proteoglycans, were obtained from Sigma.
Cell cultures. Primary isolated human fetal BMVECs were obtained from Cell Systems Corp. (Kirkland, Wash.). The cells were initially seeded into 75-cm 2 flasks in supplemented endothelial cell basal medium 2 (Biowhittaker, Walkersville, Md.) and were maintained and passaged in vitro under strict conditions established in our laboratory (37°C, 5% CO 2 , 100% humidity in human endothelial growth medium). For all experiments, BMVECS were seeded in 6-well tissue culture plates at a density of 0.8 ϫ 10 6 to 1 ϫ 10 6 cells/well (confluent). The purity of BMVECs was analyzed by immunofluorescent staining and microscopy with antibodies against von Willebrand factor and ZO-1 (a tight junction-associated protein characteristic of endothelium). Culture conditions for primary human BMVECs and immunofluorescent staining were optimized previously (39) (40) (41) . Jurkat T cells (American Type Culture Collection, Manassas, Va.) served as a positive control in our studies and were maintained in complete medium consisting of RPMI 1640 (Cellgro; Mediatech, Inc., Herndon, Va.) supplemented with 2 mM L-glutamine, 100 IU of penicillin per ml, 100 g of streptomycin per ml, and 10% heat-inactivated fetal bovine serum (Gibco-BRL and Invitrogen).
Viral stocks. The viral stocks used for our studies were the X4-tropic HIV-1 strain NL4-3, the R5-tropic strain YU2, and the dual-tropic strain 89.6. These were produced by transfection of 293T cells with the respective proviral DNA, as described previously (47) . Briefly, 48 h after transfection of proviral DNA via the calcium phosphate coprecipitation method, supernatant was collected, filtered through a 0.45-m-pore-size filter, quantified by HIV-1 p24 antigen enzymelinked immunosorbent assay (NEN Life Science Products, Inc., Boston, Mass.), and stored at Ϫ70°C until further use. The viral stock of NL4-3 Env Ϫ Vpr
, an envelope-and Vpr-negative viral construct expressing luciferase, was kindly provided by Michael J. Root (Thomas Jefferson University, Philadelphia, Pa.).
Cholesterol depletion and inhibition of cholesterol synthesis. Depletion of cellular cholesterol and disruption of plasma membrane rafts were achieved by preincubation of cells in serum-free medium at 37°C for 30 min, followed by two washes with medium. Cells were then treated with 10 mM concentrations of different cyclodextrins for 30 to 40 min at 37°C and were finally washed twice in serum-free medium before the addition of HIV-1-containing supernatants. The viability (trypan blue viability test) and morphology of cells were monitored very carefully in our assays, and treatment with cyclodextrins never exceeded a final concentration of 10 mM, as higher concentrations of these compounds proved to be toxic to the cells. For inhibition of cholesterol synthesis, cells were treated with 1 to 3 M concentrations of different statins in serum-free medium at 37°C for 24 h, followed by two or three washes before the addition of HIV-1-containing supernatants (38) . To avoid inadvertent replenishment of cellular cholesterol, all of these incubations and washes were performed in the absence of serum.
Cholesterol measurements. Cellular cholesterol was measured with a sensitive cholesterol oxidase-based colorimetric assay (1) using the Cholesterol CII kit from Wako Inc. (Richmond, Va.) on propan-2-ol extracts of cells. The cholesterol content of cells was normalized to the total cellular protein, which was quantified by use of the SDS-Lowry kit from Sigma Diagnostics (36) .
Treatment of cells with heparan and chondroitin sulfate-degrading enzymes (lyases).
The enzymatic removal of cell surface heparan and/or chondroitin sulfate moieties was performed as described previously (19, 61, 70) . Briefly, because heparan-binding components of serum may interfere with heparitinase and/or chondroitinase digestion, the cells (0.8 ϫ 10 6 to 1 ϫ 10 6 primary human BMVECs) were placed into serum-free medium 2 h before the heparitinase and/or chondroitinase pretreatment and kept serum-free until the end of the experiment (19, 67) . Cells were then incubated for 2 h at 37°C in the absence or presence of heparitinase and/or chondroitinase-ABC at a concentration of 5 U/ml. Subsequently, BMVECs were processed and analyzed by cell-free HIV-1 binding assay (at 4°C) and internalization and infectivity assays (at 37°C). HIV-1 binding, internalization, and infectivity assays. HIV-1 (NL4-3, YU2, and 89.6) attachment to cells was analyzed by cell-free virion binding assays at 4°C, as described previously (29, 33, 61) . Briefly, 0.8 ϫ 10 6 to 1.0 ϫ 10 6 target cells in duplicate (untreated or pretreated with BCDs and/or statins or heparitinase and/or chondroitinase) were preincubated for 30 min at 4°C before exposure to virus. Viral supernatant (10 ng of p24 antigen equivalents of viral stock) was then added to target cells and incubated for 3 h (6 h for cells that were pretreated, or not, with lyases) at 4°C in a final volume of 1 ml of cold, serum-free medium. Unbound virus was removed by three washes, and then the cells were lysed in 1 ml of cold phosphate-buffered saline containing 2% NP-40 or 2% Triton X-100. To measure internalization, the same conditions were used, except that cells (untreated or pretreated with BCDs and statins) were incubated for 3 h (6 h for cells that were pretreated, or not, with lyases) directly with virus at 37°C, followed by assay of p24 antigen in cell lysates and supernatants as well as quantitative HIV-1 DNA PCR analysis for the gag gene from cell lysates. In addition, the replication of HIV-1 in cells that were untreated or pretreated with BCDs and statins was analyzed in cultures at 3 and 5 days postinfection. Cell lysates and supernatants were collected, and HIV-1 p24 antigen was quantitated by enzyme-linked immunosorbent assay (NEN Life Science Products, Inc.).
Immunostaining and immunofluorescence assays. Immunofluorescence microscopy of primary isolated human BMVECs and Jurkat T cells for different markers was performed as described previously (40) (41) (42) . Briefly, primary isolated human BMVECs were cultured in 2-well chamber slides for 48 h. Jurkat T cells were cultured in suspension and then transferred to 2-well chamber slides. The cells were fixed with 3.5% formaldehyde and incubated for 2 h at room temperature with primary antibodies (diluted 1:100) against their respective cell markers. Incubation of cells with secondary antibodies conjugated to Cy2 (green), obtained from Jackson ImmunoResearch Laboratories, Inc., or Alexa Fluor 488, obtained from Molecular Probes, Inc., was performed at room temperature for 1 h. The preparations were examined with an Olympus Research BX60 microscope.
Quantitative HIV-1 DNA analysis. The cellular DNA was extracted as described previously (71, 72) . The presence of HIV-1 proviral DNA was analyzed by utilizing a sensitive PCR and Southern blotting assay for HIV-1 gag sequences, using the primer-probe set SK38, SK39, and SK19. Southern blotting was utilized to visualize the specific bands and compared with a serially diluted standard curve to quantitate proviral DNA to 5 copies, with detection but not quantification between 1 and 5 copies, as described previously (71, 72) . To strictly normalize the cell number, the human beta-globin gene was quantitated with a specific primer pair and a radiolabeled probe as described previously (71, 72) . A PhosphorImager (Molecular Dynamics) was utilized for quantitation.
Statistical analysis. Unless otherwise indicated, results are given as means Ϯ standard errors (n ϭ 2). Statistical comparisons were performed by two-tailed Student's t tests.
RESULTS

Characterization of primary human BMVEC preparations.
We began our studies by specifically characterizing our primary human BMVECs. Only cells from passage 3 or previous passages were used in our studies. The purity of primary isolated BMVECs was analyzed by immunofluorescent staining with antibody against von Willebrand factor (or factor VIII), which is synthesized by endothelial cells and stored in the Weibel-Palade granules. As shown in Fig. 1A , Ͼ97% of primary BMVECs stained positively for von Willebrand factor. Cells were also characterized and stained positively for ZO-1 marker, which is a major component of tight junctions in the paracellular pathway of endothelial cells (Fig. 1B) .
Plasma membrane rafts are not implicated in HIV-1 binding or viral entry into primary human BMVECs. As a first step for investigating the role of lipid rafts and cellular cholesterol on HIV-1 entry into primary human BMVECs, we depleted cellular cholesterol and dispersed lipid rafts on cell membranes by means of BCDs and inhibited cholesterol synthesis by using HMG-CoA reductase inhibitors (statins). For our experiments, we utilized randomly methylated BCD (TRMBP) and hydroxypropyl BCD (THPBP), which are potent cholesterol-depleting agents, at final concentrations that did not exceed 10 mM. This was crucial for the viability of our cell systems, since treatment of BMVECs with cholesterol-depleting agents exceeding a 10 mM concentration proved to be highly toxic for the cells (not illustrated). For inhibition of cholesterol synthesis, we also utilized various potent HMG-CoA reductase inhibitors, such as mevinolin, atorvastatin, and pravastatin, at final concentrations not exceeding 3 M.
To verify that cells (primary human BMVECS and control Jurkat T cells) treated with different BCDs and statins were cholesterol depleted and that lipid rafts on the cell membranes were dispersed, we analyzed the cells by both staining with the fluorescent conjugate of CTB against ganglioside M1 (GM1), which is present in lipid rafts, and by cholesterol measurement using an enzymatic colorimetric assay. As shown in Fig. 2 , treatment of primary human BMVECs and Jurkat T cells with BCDs resulted in over 50% depletion of total cellular cholesterol. Similar results were obtained with cells treated with statins for 24 h (data not shown).
As shown in Fig. 3 (left panels), primary human BMVECs that were not treated with BCDs consistently demonstrated a distinct ring pattern when stained for GM1 with Alexa Fluor 488-CTB. In contrast, cells that were treated with BCDs exhibited granular staining over the entire cell, consistent with disruption of the normal GM1-raft structure. Similar results were obtained with Jurkat T cells, in which a distinct ring pattern in untreated cells was replaced by diffuse staining after BCD treatment (Fig. 3, right panels) . Cells (BMVECs and Jurkat T cells) treated with 3 M concentrations of the different statins for 24 h in serum-free medium and then stained for GM1 also showed a similar pattern of disruption of the normal ring pattern (data not illustrated).
We further examined virus binding and internalization into primary human BMVECs (treated with various BCDs) by utilizing different HIV-1 strains (YU2, NL4-3, and 89.6, as well as the envelope-negative virus control, NL4-3 Env Ϫ Vpr Ϫ ) in cell-free HIV-1 virion binding assays at 4°C and viral internalization assays at 37°C. As illustrated in Fig. 4 , our data from the cell-free HIV-1 virion binding and internalization assays demonstrated that membrane cholesterol and lipid rafts were not implicated in HIV-1 binding and viral entry into primary human BMVECs. No statistically important differences (P Ͼ 0.5) were observed for binding (Fig. 4 , left three columns) and internalization (Fig. 4, right three internalization (37°C) assays than for X4-tropic NL4-3 (compare panels A and B), which was consistent with our previous findings (44) . Similar to the NL4-3 results were those obtained from binding and internalization assays of the dual-tropic HIV-1 strain 89.6 between BMVECs that were treated and/or untreated with various cyclodextrins (data not shown). Finally, as shown in Fig. 4C , testing of the Env-negative virus control (NL4-3 Env Ϫ Vpr Ϫ ) in binding and internalization assays in BMVECs demonstrated that HIV-1 Env is clearly required for viral entry and replication, since only a very minimal background amount of NL4-3 Env Ϫ Vpr Ϫ p24 antigen from cell lysates was recovered (5 to 10 pg/ml).
We also examined viral binding and internalization into primary human BMVECs treated with different HMG-CoA reductase inhibitors by utilizing different HIV-1 strains (YU-2, NL4-3, and 89.6) in cell-free HIV-1 virion binding assays at 4°C and viral internalization assays at 37°C. As shown in Fig. 5 , similar to the effects with BCDs, no statistically important differences (P Ͼ 0.5) were observed in binding (Fig. 5 , left three columns) and internalization ( (29, 33) . To verify this finding and to assess T cells as positive controls for our primary human BMVEC studies, we also examined in our laboratory the role of cellular cholesterol and lipid rafts in HIV-1 binding and entry by utilizing the Jurkat T-cell line. For this purpose, we depleted cellular cholesterol and disrupted the lipid rafts in Jurkat cells treated with BCDs and/or statins ( Fig. 2 and 3) and subsequently examined the ability of the CXCR4-tropic NL4-3 virus strain to bind, internalize, and replicate in these cells. As shown in Fig. 6 , our data from the cell-free HIV-1 (NL4-3) binding assays, performed at 4°C (Fig. 6A) , as well as from our studies on viral entry into Jurkat cells, performed at 37°C (Fig.  6B) , confirmed that membrane cholesterol and lipid rafts are important in HIV-1 binding and virus internalization into T lymphocytes. Significant differences (P Ͻ 0.00005) were observed in binding and entry of HIV-1 NL4-3 between Jurkat cells treated with 10 mM hydroxypropyl BCD (THPBP) and/or 3 M mevinolin and untreated cells. We also analyzed the effects in supernatants collected at 3 and 5 days postinfection of cholesterol-depleting and -inhibiting agents on HIV-1 replication in Jurkat T cells that were untreated or treated with BCDs and statins. Not surprisingly, significant differences were also observed in viral replication between Jurkat cells treated with cyclodextrins and/or statins and untreated cells (data not shown), confirming that cellular cholesterol and lipid rafts are important for viral attachment, entry, and replication into T lymphocytes.
Cell surface CSPGs facilitate HIV-1 internalization and replication into primary human BMVECs. Certain cell surface HSPGs migrate into membrane rafts upon binding large, multivalent ligands, and several recent lines of evidence have implicated these HSPGs in HIV-1 binding and infection of T-cell lines, primary lymphocytes, and macrophages (7, 19, 61, 70) . To examine this hypothesis, we employed primary human BMVECs in cell-free virion binding assays at 4°C and viral internalization assays at 37°C. The cells were first analyzed by immunostaining for cell surface HSPGs and CSPGs, and as shown in Fig. 7B and D, the cells were positive for these proteoglycans. To determine the role of cell surface glycosaminoglycans in HIV-1 attachment and entry, primary human BMVECs were either left untreated or pretreated with heparitinase, which removes cell surface heparan sulfate moieties, chondroitinase-ABC, which removes cell surface chondroitin sulfate moieties, or a combination of both lyases, following standard methodologies. Immunostaining of BMVECS pretreated with lyases confirmed the removal of cell surface sulfate moieties (Fig. 7C and E) . We then tested the capacity of R5-tropic YU-2 and the X4-tropic HIV-1 strain NL4-3 to bind (at 4°C), internalize (at 37°C), and replicate in primary human BMVECs by analyzing the HIV-1 p24 antigen content in cell lysates and/or supernatants of BMVECs. As shown in Fig. 8A and D, no statistically significant effects (P Ͼ 0.5) of these predigestions were observed in the binding of either YU-2 or NL4-3 strains, after 6 h of incubation, on BMVECs. In contrast, as shown in Fig. 8B and E, significant differences were observed in YU-2 and NL4-3 entry into the cells at 6 h postinfection. These differences were more profound in BMVECs that were pretreated with a combination of both lyases (heparitinase plus chondroitinase-ABC). Similarly, as shown in Fig.  8C and F, significant effects of these predigestions, which were more evident in cells pretreated with both lyases, were ob- In order to further investigate the role of cell surface HSPGs and CSPGs in HIV-1 replication, we also quantitatively analyzed the proviral DNA (HIV-1 gag) in BMVECs that were pretreated (or not) with lyases and infected with the R5-tropic YU-2 and/or the X4-tropic HIV-1 strain NL4-3. As shown in Fig. 9 , at 6 h postinfection, there was a dramatic decrease in the number of proviral DNA copies, for both YU-2 and NL4-3, in BMVECs that were pretreated with chondroitinase-ABC or a combination of both lyases compared to that in untreated cells. The same effects were also clearly evident at a later time point (24 h postinfection), while no differences were observed in the proviral copy number in cells that were pretreated with heparitinase versus untreated BMVECs. These findings strongly suggest that cell-associated CSPGs greatly facilitate entry and replication of HIV-1 in human BMVECs.
DISCUSSION
The precise molecular mechanisms involved in HIV-1 attachment and entry into the BBB-associated cell systems, as well as infection of the CNS, still remain relatively unclear. The BBB consists mainly of microvascular endothelial cells and astrocytic foot processes and separates the CNS from the periphery (25, 42, 50, 59) . The main function of the BBB is to ensure a constant internal environment for proper synaptic transmission and supply of necessary nutrients for CNS-resident cells. This structure is constantly exposed to a variety of inflammatory cells as well as to infections in the body fluids. HIV-1 frequently infects the cellular elements of the CNS soon after primary seroconversion (2, 44-46, 50, 55) . A number of independent studies have shown that microglia and monocytes/ macrophages are the main cellular reservoirs for productive HIV-1 infection in the CNS (5, 28, 31, 55) . A number of studies have also demonstrated limited (low-level) nonproductive replication of HIV-1, in vivo and in vitro, within BMVECs, astrocytes, and specific neuronal cells (4, (44) (45) (46) . HIV-1 infection of the CNS induces neurodegenerative disorders in patients with AIDS (AIDS-related dementia), and the presence of virus in cerebrospinal fluid and CNS-based cells strongly suggests the need for further exploration of HIV-1 entry into the brain and the role of the BBB in the neuropathogenesis of HIV-1 infection (20, 62, 73) .
Our recent data and a number of other laboratories' findings (30, 41) show that primary isolated human BMVECs, which represent the major cellular constituent of the BBB, are devoid of CD4, thus suggesting a CD4-independent HIV-1 entry and infection of these cells (41) . More importantly, primary human BMVECs express various chemokine receptors (APJ, CCR3, CXCR4, CCR5, DC-SIGN, and L-SIGN), yet chemokines for cognate chemokine receptors individually do not block binding (30) . In many recent studies, lipid rafts, localized in the plasma membranes of susceptible cells, as well as host membrane cholesterol, were proposed to play key roles in HIV-1 entry and viral budding (8, 13, 17, 23, 26, 29, 30, 33, 34, 43) .
In our present studies, we employed a well-characterized CNS-associated system, early passages of primary human BMVECs, to explore the role of cellular cholesterol and lipid rafts in HIV-1 binding, entry, and replication into this major constituent of the BBB. As a positive control in our studies we included the Jurkat T-cell line. Recent reports have demonstrated that lipid rafts are involved in HIV-1 entry into this T-cell line (29) . Our findings from HIV-1 binding and internalization assays performed on primary human BMVECs that were left untreated or treated with various cholesterol-depleting agents that disrupt lipid rafts strongly suggest a cholesteroland lipid raft-independent mechanism of HIV-1 entry into primary human BMVECs. As a positive control, our data support previous findings for the important role of lipid rafts and cellular cholesterol in HIV-1 binding of and entry into T lymphocytes.
A possible explanation for the discrepancy of our data with the report of Liu et al. may be in the differences between the cell systems used. Liu et al. (30) used BMVECs isolated from discarded temporal lobe tissues obtained from temporal lobectomies from adults with epilepsy surgery, while in all our present and previous studies, we have utilized early passages of well-characterized primary human fetal BMVECs for the expression of von Willebrand factor as well as the endothelial tight-junction marker ZO-1. A recent study by Viard et al. has demonstrated that treatment of peripheral blood lymphocytes with the cholesterol-depleting agent methyl-␤-cyclodextrin reduced their susceptibility to membrane fusion with cells expressing HIV-1 Env, which utilizes CXCR4 or CCR5. How- ever, treatment of human osteosarcoma (HOS) cells expressing high levels of CD4 and coreceptors with cholesterol-depleting agents did not affect their susceptibility to HIV-1 Env-mediated membrane fusion (69) . These findings indicate that although cholesterol is not required for HIV-1 Env-mediated membrane fusion per se, its depletion from cells with relatively low coreceptor densities reduces the capacity of HIV-1 Env to engage coreceptor clusters required to trigger fusion. In our case, primary human fetal BMVECs, which are shown to be CD4 negative but found to express significant levels of various chemokine receptors and possibly other unknown receptors for viral attachment, may not require lipid rafts and cholesterol for HIV-1 attachment and entry. We also examined the possibility of cell surface glycosaminoglycan involvement in viral binding and internalization into primary human BMVECs. Recent studies by Saphire and others have proposed that cell surface proteoglycans (syndecans) may play a key role in virus attachment and entry (7, 61) . Saphire et al. have shown that removal of cell surface heparan sulfate moieties by means of the heparan sulfate-degrading enzyme heparitinase totally inhibited the attachment of HIV-1 to monocyte-derived macrophages but did not influence HIV-1 attachment to activated CD4 ϩ T lymphocytes. They suggest that CD4 alone is not sufficient to support the initial adsorption of HIV-1 to macrophages, which express low levels of CD4, and that HSPGs, especially syndecans that are expressed in abundance, serve as the main class of attachment receptors for HIV-1 on macrophages. Other studies have proposed that cell surface HSPGs facilitate HIV-1 entry into certain T-cell lines and that infection of primary lymphocytes by either monocyte-tropic or lymphocyte-tropic strains of HIV-1 is not substantially facilitated by heparan sulfate glycosaminoglycans (24) . Our data for the first time clearly demonstrate that heparan sulfate, and especially chondroitin sulfate, moieties on the cell surfaces of primary human BMVECs are involved in HIV-1 infection and greatly facilitate viral entry and replication into these cells. Interestingly, our HIV-1 p24 antigen recovery data ( Fig. 8A and D) did not reveal any lyase effect on viral binding to BMVECs at 4°C, which suggests that cell surface HSPGs or CSPGs are not required in the very earliest steps of viral attachment to primary human BMVECs. Our findings clearly demonstrate that cell-associated HSPGs and CSPGs are important for viral entry and HIV-1 replication in BMVECs, as demonstrated in Fig. 8B , C, E, and F. Quantitative proviral DNA analysis (Fig. 9) , which is a more precise and accurate method of detection, clearly indicated that the chondroitin sulfate moieties on cell-associated CSPGs represent a major component in viral entry and replication. Currently, it is unclear how these moieties interact with HIV-1 and what exactly is their mode of action. A possibility is that CSPGs rescue HIV-1 on the cell surfaces of BMVECs from being endocytosed (or pinocytosed), as has recently been reported for other CSPG ligands (60, 67) . CSPGs may also redirect the rescued virions to other pathways and may promote engagement and interaction of other HIV-1 coreceptor molecules on the host membrane for HIV-1 entry.
The molecular mechanisms of viral entry, infection, and spread in the CNS and its cellular components remain unclear. Further work is required in order to fully characterize the pathways of HIV-1 entry into the CNS, involving not only BMVECs but also other critical CNS cellular components, such as microglia, neurons, and astrocytes. Understanding the infection of the human brain by HIV-1 will be critical in targeting this potential viral reservoir site. FIG. 9 . Detection of proviral DNA (YU-2 and NL4-3) at 6 and 24 h postinfection in primary human BMVECs pretreated with lyases or left untreated. Cells were treated according to standard procedures, as described in Materials and Methods. Cellular DNA was extracted from BMVECs and amplified by PCR with gag SK38 and SK39 as the primer pair. As a means of confirming that each sample contained similar quantities of cellular DNA before PCR, ␤-globin DNA (left) was also amplified in each sample, with PCO3 and PCO4 as the primer pair. The HIV-1 DNA standards (50,000 to 0 copies; top) were prepared from ACH-2 cells (one proviral copy per cell) and amplified by PCR at the same time as all the samples; values (right) for each sample are given as numbers of copies per 2.5 ϫ 10 5 cells and correspond to the matching HIV-1 gag DNA bands (left). ‫,ء‬ at 24 h postinfection, samples were analyzed by detection only, not by DNA-copy quantification (between 1 and 5 copies); h.p.i., hours postinfection; C, BMVECs pretreated with 5 U of chondroitinase per ml; H, BMVECs pretreated with 5 U of heparitinase per ml; CϩH, BMVECs pretreated with a combination of 5 U of chondroitinase per ml and 5 U of heparitinase per ml; Ϫ, untreated BMVECs; Ϫ/Ϫ, untreated and uninfected BMVECs.
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